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Hypertonicity-induced accumulation of organic osmolytes in trations. In antidiuresis, these cells accumulate organic
papillary interstitial cells. osmolytes to maintain osmotic equilibrium with their
Background. Medullary cells of the concentrating kidney hyperosmotic environment and normal intracellular con-are exposed to high extracellular solute concentrations. It is
centrations of inorganic electrolytes [1]. In the medullawell established that epithelial cells in this kidney region adapt
osmotically to hypertonic stress by accumulating organic osmo- of the concentrating rat kidney, the principal organic
lytes. Little is known, however, of the adaptive mechanisms of osmolytes accumulated are the trimethylamines glycero-
a further medullary cell type, the papillary interstitial cell [renal phosphorylcholine (GPC) and betaine, and the polyols
papillary fibroblast (RPF)]. We therefore compared the re-
sorbitol and myo-inositol. While the mechanisms respon-sponses of primary cultures of RPFs and papillary collecting
sible for the intracellular accumulation of these osmo-duct (PCD) cells exposed to hypertonic medium.
Methods. In RPFs and PCD cells, organic osmolytes were de- lytes have been investigated extensively in epithelial cells
termined by high-performance liquid chromatography; mRNA of renal origin [2, 3], there is virtually no information
expression for organic osmolyte transporters [Na1/Cl2-depen-
on the adaptation of renomedullary interstitial cells todent betaine transporter (BGT), Na1-dependent myo-inositol
chronically elevated extracellular tonicities. The intersti-transporter (SMIT)], and the sorbitol synthetic and degrading
enzymes [aldose reductase (AR) and sorbitol dehydrogenase tial cell, a cell type prominent in the renal inner medulla,
(SDH), respectively] was determined by Northern blot anal- contributes substantially to total cell volume in this kid-
ysis.
ney zone [4].Results. Exposure to hypertonic medium (600 mOsm/kg by
The aim of this study was to characterize in greaterNaCl addition) caused intracellular contents of glycerophos-
phorylcholine, betaine, myo-inositol, and sorbitol, but not free detail the response of papillary interstitial cells to hyper-
amino acids, to increase significantly in both RPFs and PCD tonic stress. The accumulation of trimethylamines and
cells. The rise in intracellular contents of these organic osmo- polyols was monitored in primary cultures of papillarylytes was accompanied by enhanced expression of mRNAs
interstitial cells and papillary collecting duct (PCD) cellscoding for BGT, SMIT, and AR in both RPFs and PCD cells.
SDH mRNA abundance, however, was unchanged. Nonradio- exposed to hypertonic incubation media. In addition, the
active in situ hybridization studies on sections from formalin- abundance of mRNAs coding for the Na1/Cl2-depen-
fixed and paraffin-embedded, normally concentrating kidneys dent betaine g-amino-N-butyric acid transporter (BGT),showed strong expression of BGT, SMIT, and AR mRNAs in
the Na1-dependent myo-inositol transporter (SMIT),interstitial and collecting duct cells of the papilla, whereas
expression of SDH mRNA was much weaker in both cell types. the sorbitol generating enzyme aldose reductase (AR),
Conclusions. These results suggest that both RPFs and PCD and the sorbitol-degrading enzyme sorbitol dehydroge-
cells use similar strategies to adapt osmotically to the high nase (SDH) was assessed using Northern blot analysis.interstitial NaCl concentrations characteristic for the inner me-
Finally, the expression of these mRNAs by papillarydulla and papilla of the concentrating kidney.
interstitial cells in the concentrating kidney in vivo was
examined using the technique of in situ hybridization.
The cells of the renal medulla are exposed physiologi-
cally to widely fluctuating extracellular solute concen-
METHODS
Isolation and culture of papillary cellsKey words: osmosis, sodium chloride, hypertonic stress, renomedullary
interstitial cells, papillary collecting duct. Renomedullary interstitial cells type I [renal papillary
fibroblasts (RPFs)]. Wistar rats of either sex (150 to 300Received for publication June 16, 1998
g) were killed (7% chloralhydrate i.p.), and the kidneysand in revised form November 12, 1998
Accepted for publication November 13, 1998 were rapidly removed, washed with Ringer’s solution,
decapsulated, and cut tangentially. The renal papilla was 1999 by the International Society of Nephrology
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excised, minced, and placed in 10 ml of Ringer’s solution methanol and 7.5% acetic acid; Serva, Heidelberg, Ger-
many) for 30 to 40 seconds and with Giemsa (4% incontaining collagenase (1 mg/ml; Boehringer Mannheim,
Mannheim, Germany). The suspension was agitated at So¨rensen buffer, pH 7.2; Merck, Darmstadt, Germany)
for 30 minutes (So¨rensen buffer A, 9.078 g KH2PO4 3378C for two hours, with short interruptions every 15
to 20 minutes, during which tissue pieces were passed 2H2O; So¨rensen buffer B, 11.88 g Na2HPO4 3 2H2O; A
and B were mixed 4:1).repeatedly through the tip of a 10 ml plastic pipette. The
suspension was centrifuged at 200 3 g for three minutes, Sudan black B staining. RPFs in vivo are character-
ized by abundant cytoplasmic lipid droplets [6–8]. Theand the pellet was resuspended in Dulbecco’s modified
Eagle’s-Ham’s F-12 medium (DMEM/F-12; GIBCO, Egg- cultured RPFs were therefore checked for lipid droplets
by staining with Sudan black B (Sigma) for 5 to 10 min-stein, Germany) 1:1 supplemented with 10% fetal calf
serum (FCS; Boehringer Mannheim), 50 U/ml penicillin utes (1 g Sudan black B was heated in 100 ml 70%
ethanol and was cooled and filtered).(Sigma, Deisenhofen, Germany), and 50 mg/ml strepto-
mycin (Sigma). Cells were plated in 75 ml flasks and
Isolation of RNA, reverse transcription associatedgrown in DMEM/F-12 (1:1) containing 10% FCS.
with polymerase chain reaction (RT-PCR), labeling ofPapillary collecting duct cells. The papillae were im-
oligonucleotides, and Northern blotmediately placed in an ice-cold, modified Ringer’s buffer
solution containing (in mm) 118 NaCl, 16 N-2-hydroxy- Total RNA was isolated using Tri Reagent (Biozol,
Eching, Germany). RNA yield and purity were estimatedethylpiperazine-N9-2-ethanesulfonic acid, 14 glucose, 3.2
KCl, 2.5 CaCl2, 1.8 MgSO4, and 1.8 KH2PO4 (pH 7.4). The spectrophotometrically by determining absorbance at
260 and 280 nm. The integrity of the RNA was checkedpapillae were minced to 1 to 2 mm3 pieces and incubated in
the same solution, which, in addition, contained 0.2% on a nondenaturing agarose gel.
Total RNA (3 mg) from primary cultures of PCD cellscollagenase (Boehringer Mannheim) and 0.2% hyal-
uronidase (Boehringer Mannheim). After 45 minutes of exposed to hypertonic medium (600 mOsm/kg) was re-
verse transcribed with the “Ready To Go T-Primed First-incubation, DNAse (Boehringer Mannheim) was added
(0.001%) to prevent clumping. Thereafter, the cells were Strand Kit” (Pharmacia, Freiburg, Germany). A 2 ml ali-
quot of the RT was used for the PCR reaction. To obtainaspirated through a Pasteur pipette 10 to 12 times every
15 minutes until there were no visible cell clumps. The highly specific probes, a nucleotide solution with 0.35 mm
digoxigenin-dUTP (Boehringer Mannheim) was used forenzymatic digestion usually took 75 to 90 minutes. Subse-
quently, the suspension was diluted in two volumes of PCR reactions. A SMIT probe was amplified by PCR
(948C denaturation, 578C annealing, 728C extension, 35distilled water to lyse tubular cells of noncollecting duct
origin, as described [5], and was centrifuged at 28 3 g cycles) with specific primers (sense, 59-AAC AGG CCA
GGC TTC ATC AA-39; antisense, 59-ATT CCA AGTfor two minutes. The supernatant was discarded, the
pellet was resuspended, and the procedure was repeated GAA CAC ACA GC-39; product length 626 bp; primer
location, GenBank accession number M85068; upper,twice. The separation solution consisted of the modified
Ringer’s solution and always contained DNAse. 1978 to 1997; lower, 2606 to 2587) using Taq polymerase
purchased from MWG (Ebersberg, Germany). A 2 mlThe purity of the PCD preparation was estimated by
binding of Dolichos biflorus lectin (DBA-lectin; Sigma) aliquot of the RT reaction was used as a template for
the PCR reaction to obtain a BGT probe by PCR (948Clabeled with fluorescein isothiocyanate (FITC). A small
quantity of the suspension was examined by incubating denaturation, 608C annealing, 728C extension, 35 cycles)
using specific primers (sense, 59-CGG GGC GGA TCGwith 0.03 mg/ml lectin in the dark at room temperature.
After 20 minutes, a drop was examined using phase and TTT CTA T-39; antisense, 59-GTG GCC CTG ACC
TAA GTT CCT G-39; primer location AC U26342; up-fluorescence microscopy (IM35; Zeiss, Oberkochen, Ger-
many). per, 1634 to 1652; lower, 2104 to 2083). Following PCR,
an aliquot was separated on a 1.5% agarose gel (productThe RPFs and the PCD cells were cultured either in
isotonic or hypertonic (450 or 600 mOsm/kg by NaCl length 471 bp). A glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) probe was amplified by PCR (948Caddition) DMEM/F-12 medium supplemented with 10%
FCS, 50 U/ml penicillin, and 50 mg/ml streptomycin in denaturation, 638C annealing, 728C extension, 35 cycles)
with specific primers (sense, 59-CCA GTG AGC TTCa humidified atmosphere in 5% CO2/95% air at 378C on
100 mm plastic dishes (Nunc, Wiesbaden, Germany). CCG TTC AGC-39; antisense, 59-CCC ATC ACC ATC
TTC CAG GAG C-39; product length 471 bp). The dig-
Staining procedures oxigenin-labeled probes were purified on QIAquick Spin
Columns (QIAquick PCR Purification Kit; Qiagen, Hil-Coomassie/Giemsa staining. The cells were washed
twice with phosphate-buffered saline (PBS), fixed first in den Germany). For in situ hybridization (discussed later
here), the digoxigenin-labeled probes were cut with re-3.7% formaldehyde and then in 70% ethanol, each for 10
minutes, and stained with Coomassie blue (0.05% in 20% striction enzymes into a probe cocktail of varying lengths
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(SMIT probe: Pst I, Alu I; MBI Fermentas, St. Leon-Rot, sections that had been incubated with RNAse A prior
to hybridization. Hybridization signals were detectableGermany; BGT probe: Alu I; MBI Fermentas).
An oligonucleotide complementary to rat AR cDNA in none of these controls. In addition, Northern analyses
employing the same degree of stringency as in the in situ(25 mer, 59-CCC CCA TAG GAC TGG AGT TCT
AAG C-39) that corresponds to bases 1276 to 1300 of hybridization studies using the digested or undigested
SMIT and BGT probes and the AR- and SDH-specificthe cDNA and an oligonucleotide complementary to rat
liver SDH cDNA (32 mer, 59-TGT CTC CAG GTC oligonucleotide probes revealed bands of the expected
sizes. Finally, the specificity of the AR and SDH signalsCGT GCA CCA CCA GGG ACA GG-39) that corre-
sponds to bases 50 to 81 of the cDNA were used as was verified by parallel incubation with sense and anti-
sense oligonucleotides. The sense probes did not produceprobes. These oligonucleotide probes were labeled with
Dig-dUTP using terminal transferase (Dig Oligonucleo- any signal.
tide Tailing Kit; Boehringer Mannheim).
High-performance liquid chromatographyNorthern analysis was performed by standard meth-
ods. The hybridization with nonradioactive probes and The organic osmolytes GPC, betaine, inositol, sorbitol,
and free amino acids (aspartate, glutamate, glutamine,their detection were carried out as described [9].
taurine, alanine, glycine, histidine, arginine, ornithine,
Animals, kidney preparation, and in situ hybridization and lysine) were analyzed in RPFs and PCD cells using
high-performance liquid chromatography (HPLC) meth-Kidneys were obtained under Nembutal anesthesia (60
mg/kg body wt i.p.; Sanofi, Mu¨nchen, Germany) from male ods as described elsewhere [10].
Wistar rats (Charles River, Sulzfeld, Germany), which
were allowed free access to food and water until the day
RESULTS
of study (urine osmolality, 1223 6 106 mOsm/kg H2O).
Characterization of primary cultures of papillaryThe kidneys were fixed routinely in 3.7% formalin and
collecting duct cells and renal papillary fibroblasts andwere embedded in paraffin. Paraffin sections (5 mm)
of freshly isolated papillary collecting ductswere mounted on siliconized slides. The sections were
hydrated in decreasing concentrations of ethanol and were Figure 1 shows Coomassie/Giemsa-stained confluent
primary cultures of PCD cells (Fig. 1A) and RPFs (Fig.pretreated with 1 m NaSCN at 808C and with 0.01% pro-
teinase K (Sigma) in tris(hydroxymethyl)aminomethane- 1B) isolated from rat kidney papilla. PCD cells in culture
have a polygonal form, a typical cobblestone appearance,HCl (Tris-HCl, pH 7.5) at 378C. The sections were post-
fixed in 4% paraformaldehyde in 0.1 m phosphate buffer and form fluid-filled domes. The purity of the PCD prep-
aration was estimated by DBA-lectin fluorescence, asfor 10 minutes at 48C, washed in Tris-HCl, and dehy-
drated in increasing concentrations of ethanol. Tissue DBA binds with high selectivity to PCD cells [11]. As
illustrated in Figure 1C, freshly purified fragments ofsections and the probe were denatured at 808C and hy-
bridized for 24 hours at 378C in a buffer containing 53% PCDs avidly bind FITC-labeled DBA. A great majority
of cells and cell clumps in these purified preparationsdeionized formamide, 10% dextran sulfate, 10% Den-
hardt’s solution, 2 3 standard saline citrate (SSC; pH were DBA-lectin positive. In these preparations, where
most of the PCD cells appeared as sheets or clumps (Fig. 17.0), and one of the digoxigenin-labeled probes (final
concentration 1 ng/ml). The AR and SDH oligonucleotide C, D), we never observed the fluorescence of thin limb or
endothelial cells. Primary cultures of PCD cells showedprobes described earlier here were also used for the in situ
studies. After hybridization, the sections were immersed significant binding of FITC-labeled DBA, although less
than freshly isolated PCDs (not shown). In contrast,in 2 3 SSC at 658C and in 0.1 3 SSC at 458C, each for
five minutes. After washing in Tris-HCl buffer, the sec- DBA-lectin fluorescence was not seen in primary cul-
tures of RPFs.tions were incubated in blocking buffer (Boehringer Mann-
heim) and then with an antidigoxigenin antibody-alka- Renal papillary fibroblasts in confluent primary cul-
tures have an irregular shape, with long cytoplasmic pro-line phosphatase conjugate (dilution 1:500 in Tris-HCl
buffer; Boehringer Mannheim) for 30 minutes at room jections and prominent cytoplasmic filaments (Fig. 1B).
This characteristic aspect is even more conspicuous intemperature. The color substrate for the alkaline phos-
phatase was 4-nitroblue tetrazolium chloride (NBT) plus clonal cultures of RPFs (Fig. 1E). Staining with Sudan
black B reveals numerous intracellular lipid droplets5-bromo-4-chloro-3-indolyl-phosphate (BCIP), which pro-
duces a dark purple color. Color developed usually within (Fig. 1F), a typical feature of the “lipid-laden” interstitial
cell in the intact inner medulla [7].30 to 60 minutes and was monitored under a light micro-
scope. The sections were counterstained briefly (two to
High-performance liquid chromatography analysesthree seconds) with Mayer’s hemalum solution (Merck).
Controls consisted of hybridization with nonlabeled Figure 2 shows the contents of organic osmolytes (the
methylamines GPC and betaine, the polyols inositol andprobes to matched sections or with labeled probes to
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Fig. 1. Characteristics of primary cultures of papillary collecting duct (PCD) cells and renal papillary fibroblasts (RPFs) and of freshly isolated
PCDs. Primary cultures of PCD cells (A) and RPFs (B) growing as monolayers were stained with Coomassie/Giemsa. The binding of Dolichos
biflorus lectin labeled with fluorescein isothiocyanate to a freshly isolated PCD fragment is illustrated in (C; immunofluorescence photomicrograph)
and (D; corresponding phase-contrast photomicrograph). Typical features of RPFs, such as irregular shape with long cytoplasmic projections and
numerous lipid droplets (LD), are illustrated in a clonal culture of RPFs stained with Coomassie/Giemsa (E ) or Coomassie/Giemsa and additionally
Sudan black (F ). Bars indicate 25 mm.
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Northern blot analysis of Na1-dependent myo-inositol
transporter, Na1/Cl2-dependent betaine transporter,
aldose reductase, and sorbitol dehydrogenase
mRNA expression
Reverse transcription-polymerase chain reaction on
total RNA from PCD cells incubated in hypertonic me-
dium (600 mOsm/kg) was used to obtain highly specific
nonradioactive probes for Northern blot analysis and
in situ hybridization. The actual sizes of the RT-PCR
products, 626 bp for SMIT probe and 471 bp for the
BGT probe, were identical with the predicted ones.
Northern blot analysis of RNA from both PCD cells and
RPFs with the BGT probe revealed a major hybridiza-
tion band of 3.0 kb (Fig. 3A), which is consistent with
Fig. 2. Organic osmolyte content of primary cultures of PCD cells and previous results [12, 13]. The finding that the SMIT probe
RPFs grown in DMEM/F-12 (1:1) medium (isotonic), DMEM/F-12 and the AR- and SDH-specific oligonucleotide probescontaining additional NaCl to a final osmolality of 450 (RPF), or 600
hybridized with bands of 10.5 (not shown), 1.5 (Fig. 3B),mOsm/kg H2O (PCD cells and RPFs). PCD cells and RPFs were kept in
isotonic medium for three days and were then exposed to 450 mosmolar and 1.1 (not shown) kb, respectively, is also in close
medium for two days (N 5 5). Fractions were analyzed at this point, agreement with other observations [14–16].
and the remainders were cultured for an additional three days in 600
Using Northern blot analysis, the effect of hypertonicmosmolar medium and were then analyzed (N 5 5 for each cell type).
stress on the abundance of SMIT, BGT, AR, and SDHControls were kept in isotonic medium for seven days, with their me-
dium being changed at the same time as in the corresponding experimen- mRNA was studied in RPFs and PCD cells kept in either
tal cell cultures (N 5 5 for each cell type). Data are means 1 sem. *P , isotonic or hypertonic medium. A representative North-0.05 vs. isotonic controls. Symbols are: (h) amino acids; ( ) sorbitol;
ern blot illustrating the hypertonicity-induced increase( ) myo-inositol; ( ) betaine; (j) GPC.
in BGT mRNA in PCD cells is shown in Figure 3A.
Figure 3B shows another representative Northern blot
demonstrating that in both RPFs and PCD cells, AR
mRNA abundance is elevated after exposure to hyper-sorbitol, and the sum of free amino acids) in RPFs and
tonic medium (600 mOsm/kg by NaCl addition). ThesePCD cells under control conditions and after exposure
findings suggest that the increased content of myo-inosi-to hypertonic medium. For both cell types, incubation
tol and betaine observed after hypertonic stress in bothin media of either 450 mOsm/kg (RPF) or 600 mOsm/
PCD cells and RPFs (Fig. 2) is paralleled by an increasedkg (PCD cells and RPF) caused the total contents of all
abundance of both the SMIT and BGT mRNA.organic osmolytes to increase significantly. In addition,
The quantitative evaluation of these Northern analy-the individual contents of sorbitol, inositol, GPC, and ses (normalization to GAPDH) is depicted in Figure 4.
betaine were significantly elevated after the exposure to When PCD cells and RPFs were exposed to hypertonic
600 mOsm/kg (NaCl addition) in both PCD cells and media (600 mOsm/kg by the addition of NaCl, for RPFs
RPFs. The total contents of free amino acids, however, also 450 mOsm/kg) the levels of BGT, SMIT, and AR
were not significantly affected, although exposure to hy- mRNA were significantly increased. In PCD cells, the
pertonic medium tended to decrease amino acid contents BGT mRNA was increased 2.8-fold, the SMIT mRNA
in PCD cells and to increase them in RPFs. Under control 2.5-fold, and the AR mRNA 1.9-fold compared with the
conditions, taurine content was 5.8 6 2.3 in PCD cells isotonic controls. In RPFs, a 4.3-fold increase in the
BGT, a 3.0-fold increase in the SMIT, and a 2.8-foldand 16.4 6 9.8 mmol/kg protein in RPFs. Following expo-
increase in the AR mRNA compared with isotonic con-sure to hypertonic medium, taurine contents tended to
trols were observed after exposure to 600 mOsm/kg.rise in both cell types (8.0 6 3.5 mmol/kg protein in PCD
Treatment of RPFs with 450 mOsm medium causedcells at 600 mOsm/kg H2O; 29.6 6 6.9 and 25.9 6 8.7
BGT, SMIT, and AR mRNA to rise by factors of 2.8,mmol/kg protein in RPFs at 450 and 600 mOsm/kg H2O,
2.5, and 2.3, respectively. Neither in RPFs nor PCD cells,respectively), without reaching significance.
however, was SDH mRNA abundance affected signifi-The contribution of individual osmolytes to the adap-
cantly by exposure to hypertonic media.
tation to hypertonic stress appears to differ between
RPFs and PCD cells. Figure 2 illustrates that after incu- In situ hybridization studies of Na1-dependent
bation in medium supplemented with 150 mm NaCl, the myo-inositol transporter, Na1/Cl2-dependent betaine
transporter, aldose reductase, and sorbitolproportion of inositol, betaine, and free amino acids in
dehydrogenase mRNA expressionthe total contents of organic osmolytes was higher,
whereas that of sorbitol and GPC was lower in RPFs To compare the expression of SMIT, BGT, AR, and
SDH mRNA in primary cultures of RPFs and PCD cellsthan in PCD cells.
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Fig. 4. Effect of hypertonic stress (450 mOsm/kg or 600 mOsm/kg by
the addition of NaCl) on BGT, SMIT, AR, and SDH mRNA expression
in PCD cells (A) and RPFs (B). Northern blot analysis was performed
on total mRNA from primary cultures of PCD cells and RPFs treated
as described in Figure 2. Symbols in A are: (h) 300 mOsm/kg; ( ) 600
mOsm/kg. Symbols in B are: (h) 300 mOsm; ( ) 450 mOsm/kg; ( )
Fig. 3. Northern blot analyses of mRNAs for the Na1/Cl2 betaine 600 mOsm/kg. Data are expressed as the means 1 sem (N 5 5) of the
transporter (BGT; A) and aldose reductase (AR; B) in papillary collect- ratios of the band densities of each mRNA to that of glyceraldehyde-
ing duct (PCD) cells (A and B) and renal papillary fibroblasts (RPFs; 3-phosphate dehydrogenase (GAPDH) mRNA. *P , 0.05 vs. isotonic
B) cultured in media at 300 mOsm/kg (isotonic), 450 mOsm/kg (RPF), controls. Abbreviations are in the appendix.
or 600 mOsm/kg (PCD cells and RPF) by NaCl addition. Total RNA
(20 mg) was size separated on a 1.0% formaldehyde-agarose gel, trans-
ferred to a nylon membrane, and hybridized with a digoxigenin-labeled
BGT cDNA probe (A) and an AR oligonucleotide labeled with DIG-
DISCUSSIONdUTP with terminal transferase (B).
Papillary collecting duct cells in culture retain many
morphological, biochemical, and functional properties of
PCD cells in the intact kidney [5, 17, 18]. The polygonal
with that in the corresponding cell types in the intact cobblestone pattern, the binding of DBA-lectin, and the
papilla, nonradioactive in situ hybridization on 5 mm sec- formation of fluid-filled domes observed in the present
tions obtained from formalin-fixed and paraffin-embed- cultures of PCD cells are typical features of this cell type
ded normal rat kidneys was carried out. Figure 5 shows [5, 11].
intense hybridization signals for SMIT mRNA in collect- In the inner medulla, especially in the papilla, the
ing duct cells and also in RPFs. Expression of BGT prevalent type of interstitial cell is the “lipid-laden” in-
mRNA was strong in collecting duct cells but less intense terstitial cell [7], which is characterized by numerous
in RPFs. Hybridization signals for AR mRNA were also cellular processes and filaments in the cytoplasm and by
intense in PCD cells and RPFs. Only moderate expres- many cytoplasmic lipid droplets [6–8]. These cells are
sion of SDH mRNA, however, was detectable in collect- arranged perpendicular to the longitudinal axis of the
ing duct cells of the papilla, and the signal intensity was tubules and vessels, like the rungs of a ladder, with their
cytoplasmic processes either traversing the interstitialeven less in RPFs.
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Fig. 5. Light micrographs showing pattern of nonradioactive in situ hybridization of the digoxigenin-labeled SMIT (A), BGT (B), SDH (C), and
AR (D) probes in paraffin-embedded sections of rat kidney papilla. The dark staining indicates the presence of the signal in PCD (CD) cells and
RPFs (F). Hybridization with digoxigenin-labeled AR sense probe (E) did not yield specific signals. Except for this latter section, all other sections
were counterstained with Mayer’s Hemalum. Counterstain without prior exposure to any probe (F) resulted in cell nuclei that appear pale gray,
which is characteristic for negative cells.
matrix or contacting the basement membrane of tubules ponents of the inner medulla [7, 19, 20]. Primary cultures
of these cells exhibit many of the structural and func-and vessels [6–8]. They produce glycosaminoglycans and
prostaglandins and may be important in providing me- tional characteristics of the “lipid-laden” interstitial cell
of the inner medulla, also classified as the type I intersti-chanical support to the various tubular and vascular com-
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tial cell [21–24]. The RPFs of the present study with their gies to cope with high extracellular tonicities, subtle dif-
prominent intracellular microfilaments and numerous ferences are apparent. In RPFs subjected to hypertonic
Sudan black-positive lipid droplets, their irregular shape stress, the contribution of betaine, myo-inositol, and free
with the long cytoplasmic extensions exhibit properties amino acids is greater, whereas that of GPC and sorbitol
typical for the lipid-laden interstitial cell of the inner is less than in PCD cells. The results of our experiments,
medulla. Given that our RPFs in primary culture were however, do not allow us to decide whether the minor
derived exclusively from the papilla, in which the lipid- contribution of sorbitol to the total content of organic
laden interstitial cell is by far the most frequent type of osmolytes in RPFs is due to a higher activity of SDH in
interstitial cell [7, 22], it is safe to conclude that the RPFs RPFs compared with PCD cells [17]. Finally, the intracel-
of this study are indeed lipid-laden interstitial cells in lular content of free amino acids on exposure to hyper-
primary culture. tonic medium tends to decrease in PCD cells, but to in-
This study demonstrates that, similar to permanent crease in RPFs. If such a phenomenon were to occur also
cell lines of renal tubular epithelial cells, such as Madin- in PCD cells and interstitial cells in the intact kidney, the
Darby canine kidney and PAP-HT25 or mouse inner content of free amino acids in papillary tissue as a whole
medullary collecting duct (mIMCD-3) cells [2, 25], and may remain unchanged during transition from diuresis
similar to isolated inner medullary collecting ducts [26, to antidiuresis, although in some cell types of the papilla,
27], PCD cells in primary culture adapt to hypertonic intracellular contents of free amino acids increase.
extracellular fluids by accumulation of organic osmolytes.
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APPENDIXaccumulation of betaine, myo-inositol, and sorbitol.
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cellular fluids by increasing the intracellular contents of GPC, glycerophosphorylcholine; PCD, papillary collecting duct; RPFs,
renal papillary fibroblasts; RT-PCR, reverse transcription-polymeraseorganic osmolytes and by enhancing BGT, SMIT, and
chain reaction; SDH, sorbitol dehydrogenase; SMIT, Na1-dependentAR mRNA expression. This adaptive response appears
myo-inositol transporter; SSC, standard saline citrate; Tris-HCl, tris
to apply also to papillary interstitial cells in the intact (hydroxymethyl)aminomethane-HCl.
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